Introduction
With the combination ellipsometry-AES-LEED, Habraken et al. have observed linear relations between the change in the ellipsometric parameter A at h = 632.8 nm and the oxygen coverage 6 in the chemisorption stage on Cu( 111) [ 11, Cu( 100) [2] and Cu(ll0) [3, 4] (0 5 0.5 oxygen atoms per surface metal atom). After this stage a further uptake takes place, accompanied by reconstruction of the surface. For the anisotropic Cu( 110) plane, the ellipsometric effects GA,and S# appeared to depend on the crystal temperature and on the azimuth, Q, of the plane of incidence (Q = 0': plane of incidence parallel to [ilO] ) [3, 5] . To explain the results, several models were proposed in which changes in the substrate optical properties, caused by chemisorption, are taken into account [5] .
In order to facilitate the interpretation and use of ellipsometric measurements in the study of chemisorption and the initial stage of oxidation, spectroscopic ellipsometric measurements of clean and oxygen covered metal surfaces are being carried out. In this paper, we report upon measurements with copper surfaces in the wavelength region 400-820 nm at temperatures between 295 and 600 K. To elucidate the observed optical anisotropy, the measurements were performed with the anisotropic Cu( 110) and the isotropic Cu( 111) plane at different azimuth of the plane of incidence.
Experimental
The experiments were performed in an ion-pumped stainless steel UHV system provided with facilities for AES/LEED and ellipsometry. The vacuum system and the origin and pretreatment of the samples were essentially the same as described in ref. [6] . In the course of the experiments the valve, which could separate the ion pump from the system, was removed to avoid contamination of the rest gas by degassing of the viton gasket after several bake-out cycles. After this removal, the power supply of the ion pump was switched off during the dynamical cleaning and exposure cycles. To avoid contamination of the oxygen gas and to reduce the straylight during the optical measurements, the pressure in the system was measured with an ionization gauge at the turbo-molecular pump. At pressures between lo-4 to lop8 Torr, the ratio between the pressure in the reaction chamber and at the turbo-molecular pump appeared to be constant (-5.0).
A schematic diagram of the polarizer-sample-rotating analyser-fixed analyser (PSA,, A) ellipsometer that has been built in our laboratory is given in fig. 1 .
The rotating analyser is speed-controlled [7] with an accuracy within 5 ppm at an angular frequency of 66.6 Hz. The harmonic detector signal is fed into a filter circuit where two frequencies are separated as described in refs. [7, 8] . The ellipsometric parameters A and 4 are calculated from the measured phase angles of the two frequencies. The program for this calculation is loaded in the microprocessor from a cassette recorder. Two programs are available; one calculates A and #J in one zone and provides a plot on the recorder of these parameters as a function of time, the other gives A and 4 in two zones and their averaged value on the terminal display. For the definition of the zones, see ref. [9] . In principle, A and 4 could be measured after one revolution of the rotating analyser. To get a higher accuracy, the A and 4 values were de- termined by averaging over at least 900 revolutions.
As a light source a 100 W halogen lamp combined with a monochromator (Leiss, model D 330) with slit widths of 0.5 mm was used. For alignment, the lamp was replaced by a He-Ne laser. A lens (focal length 20 cm) and several pin holes were mounted after the monochromator to get a parallel beam with a diameter of about 1 mm at the sample. For the detector an end-on photomultiplier with an S-20 response (EMI, type 9659 QB) was used.
The optical components were placed on two optical benches, which were each fixed on a disc (Micro Controle, type TR 160 combined with MR 160.80) with high precision rotation and translation facilities. The discs and the UHV system were mounted on a frame. To enable the determination of the plane of incidence with the alignment procedure of McCrackin et al. [lo] , with a reflecting metal surface outside the UHV chamber, both,discs could rotate in the same plane. The vacuum chamber was provided with two sets of Pyrex windows;
with one set the crystal surface could be positioned such that AES/LEED and ellipsometric measurements could be carried out without altering the position of the sample (cf. ref.
[ 111); the other set at the opposite side was used in the present study.
The ellipsometric measurements were performed in zone 1 and 2 in the wavelength region 400-820 run, at intervals of 20 nm. All the measurements were performed at an angle of incidence of 66.00 2 0.05". During the wavelength scans, the position of the sample was controlled after every 5-6 measuring points by determining A and $ at 632.8 nm. The presented values reported for A, +, &A and S$ (6A = A -A and s$J=Q-#,n,$ 1 c ean surface) are averages of at least two series of measurements. The accuracy in the average values appeared to be of the same order as in the individual results ( f 0.03O). To eliminate the influence of the birefringence of the ellipsometer windows on the absolute values of A and $, correction factors were determined from measurements with oxygen covered surfaces with and without windows as a function of the wavelength at 1 atm N, pressure. After introduction of the N, gas in the system'it took approximately 1 h before A and 4 became constant. These measurements were always carried out before demounting the crystal.
Clean copper surfaces

I. Determination of dielectric constants
The investigation of clean surfaces by spectroscopic ellipsometry yields the optical constants n and k, or z' and e" as a function of the wavelength. The complex optical constant and complex dielectric constant are given by The computer program of McCrackin [ 121 was used to calculate the optical constants from B and $. In fig. 2 , the dielectric constants E' and E" for Cu( 1 lo), 52 = 0", are plotted as a function of the wavelength for different sample temperatures. The same measurements were performed for Cu( 1 lo), L? = 90" and for Cu(ll1) at two azimuths of the plane of incidence, parallel and perpendicular to a (i 10) direction. For both orientations on Cu( 11 l), e' and err appeared to be within the experimental error identical and equal to the results obtained for Cu(1 IO), Q = 0".
Experimental errors
The optical constants of clean surfaces are derived from absolute values of the ellipsometric parameters A and y!~. Systematic experimental errors have therefore a larger influence than in the recording of relative changes SA and 84 during a process taking place at the reflecting surface. In this section we focus on errors with respect to angle of incidence, cleanliness of surface and window birefringence.
(i) To illustrate the influence of errors in the angle of incidence, +,,, we have calculated effective values of the real and imaginary part of the complex dielectric function of copper from the experimental data of Cu( 1 IO), Q = O", T = 295 K by assuming a change in the angle of incidence of k lo. that the corresponding changes in the effective values of 1 E' 1 and e" are on the order of k 10% in the wavelength region studied. In our case, the experimental errors in &, are on the order of a0.05"; for our examples this implies errors in e' and e" of about 0.5%.
(ii) The effect of neglecting the presence of a surface layer is also shown in fig. 3 , for Cu(ll0) covered with about 1 monolayer of chemisorbed oxygen. Effective values of c' and e" were calculated from the A and $J values measured after the adsorption of an amount of oxygen corresponding with the c(6 X 2) structure (cf. section 4). At photon energies above the band gap (> 2.2 eV) the influence of such a thin layer is negligible but at lower energies the changes in It'/ and e" are on the order of 2% an 30X, respectively.
(iii) The corrections for window birefringence, determined as described in section2, appeared to be considerable. An example of the influence on the dielectric constants is given in fig. 3 , showing that the corrected and uncorrected values are clearly different. The corrections were not the same for the different samples and/or orientations, due to differences in mounting and baking of the windows and in extent of the chemical reaction on the surface. Because the angle of incidence could be measured with a high accuracy and the cleanliness of the surface was controlled by AES, the accuracy of B and $ is mainly determined by errors in the correction for window birefringence.
Comparison with literature
In fig. 4 the components of E for Cu(l lo), G = 0' and 90°, are compared with published values obtained at room temperature. Roberts [13] determined the optical properties of annealed and electropolished polycrystalline copper samples by means of ellipsometry. The measurements were done with the sample in a vacuum of about 2 X 10e5 Torr after removal of the oxide layer by heating to a temperature of 500 K. Stoll 1141 determined the optical constants with a different polarimetric method for a polyc~st~line sample in a vacuum of 5 X lo-' Torr. surface. In fig. 5 , the difference in A and $ for the two orientations of the plane of incidence is plotted as a function of wavelength at different temperatures.
In view of the errors in absolute measurements (section 3.2), the absolute values of SiS and S$ are open to doubt. However, the shape and temperature dependence of the curves in fig. 5 appeared not to be influenced by the window corrections and the structure in the region 500-700 nm was absent in the results for the Cu( 111) surface.
With ellipsometry, optical anisotropy has been measured at thick oxide films (lo-200 nm) on Cu(ll0) and Cu(311), where it was ascribed to aniso- LJ. Hanekamp et al. / Clean and oxygen eooered Cu tropic strain in the oxide film [20] . Optical anisotropy has also been observed by electroreflectance measurements on Ag(ll0) [21] and on Cu(ll0) and Au(ll0) [22, 23] in electrolytic solution and by surface plasmon excitation on Ag( 110) [24] in contact with air and electrolytic solutions. In these papers, the anistropy was ascribed to direction dependence of the surface conductivity 1241, and of the electron {optical) mass 1231. As will be shown below, a calculation of the dielectric constants from the observed a and q value, points in the same direction.
In the classical treatment of the dielectric constant of a metal two contributions are distinguished, that of free and of bound electrons (cf. ref. [25] ) Q=C,+Z,.
For a free electron metal with damping,
Here Y is the frequency of the light, V, the plasma frequency and v2 the electron collision frequency. The plasma frequency is related to the density, N,, the optical mass, m*, and the charge, e, of the free electrons:
where e0 is the permittivity of vacuum. The collision frequency is given by v2 = 1/2m7 = v:/za,*.
Here 7 is the collision time and u$ the (optical) conductivity. For metals like copper, the collision frequency v2 w 5 X 10" s-i [25] and thus in the visible region of the spectrum v2 B vt. Neglecting v: with respect to v2, eqs. (3) and (4) reduce to r'(X)=l-(y:/C2)X=+f'b,
r"(h) = (vzv:/cs) X3+$, (%I with v = c/h (c: velocity of light). By plotting f' and P/h versus X2, or e.g. by linear regression analysis of the experimental data, v,, v2, ck and ~z/h may be determined.
Though this treatment is only valid for homogeneous isotropic substrates, we have applied it to our measurements on the anisotropic Cu(l10) and isotropic Cu( 111) surfaces at longer wavelengths, outside the absorption band region. In table 1, the results are given and compared with literature values of Roberts for polycrystalline bulk copper [13[ and of Johnson and Christy for copper films [ 16, 171 . The linear regression analysis of our data was carried out for the wavelength region 660-820 nm, while the measurements of Roberts and Johnson and Christy were performed in the regions 650-2500 nm and 700-1940 nm, respectively. Since for Cu( 111) the results for the two orientations were the same within the experimental error, the optical parameters have been calculated from the averaged values of e' and c". A significant conclusion from table 1 is that v2 and, according to eq. (6) also r and a: are dependent on the nature and temperature of the sample. Moreover, Cu( 110) shows a dependence on the orientation, which disappears at higher temperatures.
A more appropriate model for clean Cu( 1 lo), e.g. with an isotropic copper substrate (Z,) covered by a biaxially anisotropic surface layer with thickness d,, contains more parameters (Z,, ZIX, 2,,, F,= and d,) than can be determined from the four experimental quantities. A qualitative insight into the factors that determine the degree of anisotropy can be obtained with Strachan's approach [26, 27] . Here, the interfacial layer is represented by a two-dimensional distribution of Hertzian oscillators, characterized by the scattering indices a,, uY (both parallel to the phase boundaries) and a, (perpendicular to them, plane of incidence xz). Expressions for 6A and SI/J due to the presence of an absorbing layer have been given in ref. The coefficients a;, uJ', bj and b," depend on Zz, X and $+, according to eqs. (23) and (24) of ref.
[5]. Since rotation of the plane of incidence over 90" implies only the interchange of x and y components, we get for
6H=Z(Q=OO)-iX(Q=90")
= -(a:-a~)(a:-a,l)-(a:l-a;l)(u:l-u~l), Table 2 Values of coefficients in eqs. (9) and (10) 
(12)
Calculated values of the coefficients in eq. (9) and (10) for Cu(ll0) at 51= 0" are given in table 2 for a few wavelengths. For Cu(ll0) at Q = 90" some coefficients show a small deviation in the second place of decimals, particularly at higher wavelengths. The coefficients ai, a:, b;, b: and b;' are negative and the absolute values of ai and b," turn out to be larger than those of u;l and b,', respectively, especially at longer wavelengths. From the values of the coefficients it follows that differences in ah, and also in SA, are primarily associated with differences in ai, and differences in S$ and S$ mainly with differences in $1.
For example, the large value of SA at X= 640 nm ( fig. 5 ) would imply u: <u,l, i.e. a smaller u' (and a') in the direction parallel to the rows than perpendicular to them. If the absolute values of SA and S$ were reliable, one could even calculate the differences (6: -ai) and (ai' -u,l') with eqs. (11) and (12).
Interaction of oxygen with clean copper surfaces
Exposures of 0, to clean annealed copper surfaces were carried out at pressures between lo-' and 10e3 Torr and at crystal temperatures ranging from 295 to 620 K. Fig. 6 shows a typical plot of the change in the ellipsometric parameters A and 1c, during room temperature exposure of oxygen to Cu( 110) and Cu(ll1) at X = 632.8 nm. As found before by Habraken et al. [4] , the initial interaction of oxygen with the copper surfaces occurs in two stages. In the first stage, at low oxygen pressures, ellipsometric parameters tend to almost constant saturation values, which are reached at about lo2 L for Cu(l10) and 2X 103L for Cu(ll1).
According to Habraken et al., the oxygen coverages are then equal to 0.5 [3] and 0.45 [l] monolayer-s, respectively. An increase of the oxygen pressure leads to a further, continuing change in A and #. Though somewhat arbitrarily, we have chosen exposure values of lo5 L for Cuf 110) [4] and of lo6 L for Cu(ll1) to represent the monolayer coverage situation.
The Cu(l I I) surface
In fig. 7 , the changes of the ellipsometric parameters A and J, are given as a function of the wavelength for the two oxygen exposures at different sample temperatures. The exposures at 10 -3 Torr was only performed at room temperature. The measurements were carried out at the same two azimuths of the plane of incidence as for clean Cu(ll1) (cf. section 3.1). Within the experimental error, the values of 66 and SJ, appeared to be independent of Q. The shapes of the &A(X) and S+(h) curves turned out to be the same for the two exposures and the different temperatures. 
The Cu(l IO) surface
The spectroscopic ellipsometry plots for lo2 L and lo5 L oxygen exposures are given in fig. 8 for Q = 0' and in fig. 9 for Q = 90". In contrast with the Cu( 111) surface, the 6A and S+t values appear to be strongly dependent on the azimuth of the plane of incidence, particularly at wavelengths from 500 to 700 nm, i.e. in the absorption band region of copper. Besides these differences in structure the 6A values tend to be larger for 52 = 90".
An increase of the oxygen exposure causes mainly a rise of SA, while the shapes of the curves remain similar. At lo5 L exposure the SA(X) curve for Q = 90' shows an increase at higher temperature, particularly at longer wavelength, outside the absorption band region. The S+!J values appear to be almost independent of temperature and oxygen exposure.
Comparison of figs. 7 and 8 shows that the shapes of the curves for Cu( 111) and Cu(1 lo), Q = O", are rather similar but that the absolute values of the ellipsometric changes are larger for Cu( 111).
Anisotropy of oxygen covered Cu(lI0)
The differences in SA and S#, measured for the two orientations of the plane of incidence, can be written as
In contrast with the absolute measurements on clean surfaces, yielding 65 and S& the relative measurements of the changes upon adsorption, yielding 6(SA) and S(6$) ( fig. lo) , are reliable, because the effect of window birefringence is negligible for small values of &A and S#.
In principle, the structure of the curves in fig. 10 may be due to anisotropy of the clean Cu( 110) surface and/or to anisotropy in the distribution of the chemisorbed oxygen atoms or in the copper-oxygen bonds. The similarity of figs. 5 and 10 suggests that the differences in the SA and the StJ curves may, at least partially, be ascribed to a disappearance of the anisotropy of clean Cu(ll0) upon oxygen adsorption. A comparison of the absolute values of the corresponding curves is not useful, because the absolute values of 6A and S\i; are open to doubt.
If we would ascribe the experimental results totally to anisotropy in the final surface oxide layer, Strachan's approach could be applied, as was done by Habraken et al. [5] for X = 632.8 nm. In view of the values of the coefficients of eqs. (11) and (12), derived from table 2, the 6(SA) curves in fig. 10 represent mainly (a; -u,l) and the S(S$) curves mainly (ai -a;'), assuming that the components a/ and u;' are of the same order of magnitude in both directions. From this it follows that a; < a;, with a strong variation of (ai -uJ in the 
Models of oxygen covered copper surfaces
To account for the ellipsometric results the three models discussed by Habraken et al. f5] to explain the measurements at 632.8 nm were applied.
(a) The model used for the interpretation of the ellipsometric results for chemisorption on semiconductor surfaces [27] , where the main effect is ascribed to the disappearance of a surface layer at the clean surface. Calculations with this model did not yield physically reasonable values for the optical constants of the surface layer. fig. 11 ).
(c) The two-layer model with adsorbed oxygen ions on top of an effectively positively charged metal surface layer, caused by a decrease of the free electron density. Because the changes in the ellipsometric parameters vary strongly in the abso~tion band region of copper, an explanation based only on changes in the contribution of the free electrons seems inadequate.
The effective medium approximation (EMA) due to Bruggeman [28] gives a possibility to take into account the bound electrons in copper. The first stage of oxidation of Mg(~l), investigated by K&z et al. [29] using spectroscopic ellipsometry, was described in terms of the growth of a surface layer consisting of a mixture of bulk Mg and MgO of which the dielectric constant was calculated with the EMA. A detailed description of the EMA has been given by Aspnes et al. [30- given in fig. 11 ; the thickness was arbitrarily chosen equal to 2 A; another choice does not influence the shape but only the height of the curves. The optical constants of Cu,O were taken from recent measurements on films grown on copper [33] and on reactivily-sputtered thin films [34] . The effective dielectric constants of mixtures were calculated with eq. 
